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1. Introduction 
Instrumented indentation as a powerful tool to determine mechanical properties of 
materials has been widely used in fields of materials science, biomechanics, surface 
engineering, semiconductor, MEMS/NEMS, biomedicine and so on (Fischer-Cripps, 2004) . 
Up to now, there are some commercially available indentation instruments. However, most 
of them can only carry out ex-situ indentation tests because of their complex structures and 
big volumes. In previous literatures, many phenomena such as pile-up and sink-in (Huang 
et al., 2005; Keryvin et al., 2010), which are difficult to explain but significantly affect the 
load-depth (P-h) curve and the determination of the contact area are observed. In order to 
reveal mechanical behavior of materials under the indentation load in detail and explain 
discontinuities during the initial loading segment better, more direct observation methods 
during indentation tests should be developed (Ghisleni et al., 2009).  
In recent years, based on the transmission electron microscope (TEM) and scanning electron 
microscope (SEM), in situ indentation technique is presented by researchers (Gane & 
Bowden, 1968; Minor et al., 2001; Zhou et al., 2006). In situ TEM indentation has the 
capability to visually observe microstructure variations beneath the indenter such as phase 
transformation, dislocation formation and propagation (Minor et al., 2006), and dislocation-
grain boundary interaction (De Hosson et al., 2006). But it also has disadvantages. For 
example, the specimens are very small and need complex and laborious preparation, and 
the specimens need to be electron transparent. In addition, the method that uses the 
mechanical properties of specimens with limited scale to evaluate the bulk materials is 
questionable (Ruffell et al., 2007). Via in situ SEM indentation, it is possible to observe the 
surface deformation during the whole indentation process, which is helpful to correct the 
reduced elastic modulus and hardness obtained by the Oliver and Pharr method (Oliver & 
Pharr, 2004) by accounting for pile-up and sink-in phenomena. In addition, mechanism of 
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deformation, crack formation and propagation, shear band formation, damage, pile-up, 
sink-in of materials will be studied deeply (Rzepiejewska-Malyska et al., 2009; Nowak et al., 
2009). Compared with in situ TEM indentation, some physical phenomena such as phase 
transformation of materials, or nucleation and dislocation corresponding to high pressure 
applied by the indenter, are hardly observed by in situ SEM indentation. However, in situ 
SEM indentation is still a potential and attractive method because of its large field of view, 
simple specimen preparation and compatibility of materials with different dimensions from 
millimeter to micro/nanometer.  
In this chapter, emphasis is put on in situ SEM indentation. Design of the indentation device 
compatible with the SEM has a few challenges (Huang et al., 2012), such as the small volume 
of the SEM chamber, short working distance, electromagnetic compatibility, the vacuum 
environment and vibration compatibility. Several studies of indentation inside the SEM 
have been done by researchers (Bangert et al., 1982; Bangert & Wagendristel, 1985; Motoki, 
2006). The most representative are the device developed by Rabe in 2004 (Rabe et al., 2004) 
and the product — PI 85 SEM PicoIndenter manufactured by Hysitron Inc (Hysitron 
Incorporated). The load resolution of Rabe’s device is 100 μN for a range up to 1.5 N and the 
maximum available load is about 500 mN due to using the stick-slip actuator. Because of 
integrating a built-in strain gauge, the closed-loop displacement resolution is a little low 
about 50 nm with an indentation displacement range of 20 μm. The PI 85 SEM PicoIndenter 
has high load and displacement resolution about 3 nN and 0.02 nm respectively. However, 
the maximum indentation load is limited to be 10 mN and the maximum indentation 
displacement is 5 μm, which limits its more wide applications. In addition, this product is 
very expensive and up to now, there are very few scientists and researchers who can use 
this advanced equipment. So, in situ SEM indentation devices with large ranges, high 
precision, compact structures and low cost are still required.  
In this chapter, a novel in situ indentation device with dimensions of 103 mm × 74 mm × 60 
mm is developed and it is compatible with the SEM—Quanta 250. Integrating the stepper 
motor, the piezoelectric actuator and the flexure hinge, the coarse positioner and the 
precision driven unit were designed respectively, which can be used to realize coarse 
adjustment of the specimen and precision loading and unloading process of the indenter. A 
novel indenter holder was designed to ensure vertical penetration of the indenter. Closed-
loop control of the indentation process was established to solve the problem of nonlinearity 
of the piezoelectric actuator and to enrich the control modes. Experiments were carried out 
to evaluate performances and verify the feasibility of the developed device.  
2. Principle of in situ indentation tests inside the SEM 
The schematic diagram of the developed indentation device for in situ indentation tests 
inside the SEM is shown in Fig. 1. Here, the diamond indenter is fixed and the specimen can 
move toward the indenter. This design considers the work distance of the SEM and makes 
the dimension of one side of the device small, which is helpful for in situ observation of the 
indentation region. The z axis coarse positioner driven by a stepper motor is designed to 
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realize coarse adjustment of the specimen. The precision driven unit consisting of the 
piezoelectric actuator and the flexure hinge can realize precise loading and unloading of the 
indenter. During the indentation test, load and displacement are measured by the load 
sensor and the displacement sensor respectively. The measured load is the real penetration 
load but the measured displacement is not the real penetration depth considering 
instrument compliance and thermal drift. The base has a tilt angle of 20 degrees, providing a 
good observation angle. 
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Figure 1. The schematic diagram of the proposed device for in situ indentation tests inside the SEM 
3. Description of the developed device 
The developed in situ indentation device is shown in Fig. 2. The output shaft of the stepper 
motor is connected to the knob of the z axis coarse positioner by a shaft coupling. But the 
installation is different from the usual. The shaft coupling is fixed with the knob but it can 
make relative slip with the output shaft of the stepper motor. The torque coming from the 
stepper motor drives the knob of the z axis coarse positioner to rotate. Just like the principle 
of the spiral micrometer or the ball screws, the z axis coarse positioner can realize linear 
motion. Though clearance exists, there is no effect on the indentation test because the 
reverse movement is just a process that the specimen is away from the indenter after the 
indentation process. The piezoelectric actuator and the flexure hinge are used to drive the 
specimen toward the indenter and realize precise loading and unloading process. The load 
sensor and the displacement sensor are used to measure the load and displacement during 
the indentation test respectively. 
3.1. The precision driven unit 
After the specimen is positioned at a suitable location by the z axis coarse positioner, the 
precision driven unit begins to finish the indentation process. So, the precision driven unit is 
very important for the total device. It determines many performances of the device, such as 
position accuracy, the penetration displacement resolution, the maximum penetration load 
and depth, dynamic performances and so on. Most of commercial indentation instruments 
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use electromagnetic and electrostatic drivers to realize precision motion of indenters. Due to 
complex structures and control of electromagnetic and electrostatic drivers, sizes of these 
indentation instruments are usually large. In addition, electromagnetic interference coming 
from these two kinds of drivers will affect the image of the SEM. So, they are not suitable for 
the design of in situ indentation devices.  
 
 
Figure 2. Model of the developed in situ indentation device 
Here, combining the piezoelectric actuator with the flexure hinge, a compact precision 
driven unit was designed as shown in Fig. 3. The piezoelectric actuator takes advantages of 
small size, unlimited resolution, large force generation, fast response, low power 
consumption and no wear (Huang et al., 2011; Huang et al., 2012). Also the flexure hinge can 
overcome shortcomings such as friction, lubrication and backlash which usually exist in the 
conventional mechanisms with sliding and rolling bearings (Kang et al., 2005). So, purpose 
of precision driving and miniaturization can be achieved easily by the combination of the 
piezoelectric actuator and the flexure hinge. 
 
 
Figure 3. The precision driven unit 
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As shown in Fig. 3, the precision driven unit has a very simple structure which is helpful for 
the miniaturization of the device and can reduce the assembling. Also the simple structure is 
beneficial to the cleaning and it can reduce the import of pollution into the chamber of the 
SEM. The preload screw provides a preload force for the piezoelectric actuator to ensure 
suitable stiffness and displacement of the precision driven unit. The circular hinge was 
designed to reduce stress concentration of the flexure hinge. In order to ensure that the 
hinge has enough strength, structural static analysis of the flexure hinge was carried out by 
the software ANSYS 10.0. Material of spring steel 65Mn was selected to fabricate the hinge 
and its parameters are as follows. The Young's modulus is 206 GPa. The Poisson ratio is 
0.288. As shown in Fig. 4(a), a displacement load of 10 μm was applied on the surface where 
the piezoelectric actuator was located. All degrees of freedom of the four installation holes 
were constrained. The analysis result is shown in Fig. 4(b). The maximum Von Mises stress 
is about 47.808 MPa which is less than the yield strength of 65Mn being 432 MPa. From the 
result, conclusion can be deduced that the flexure hinge is safety during the work process. In 
order to analyze the stress distribution of the hinge in depth, stress values of the hinge from 
point A to point B are extracted and drawn in Fig. 5. It is obvious that larger stress appears 
near the circular hinges. But the stress value is accepted. 
 
Figure 4. Model and structural static analysis result of the flexure hinge. (a) shows the loading and 
boundary conditions in detail; (b) gives the maximum Von Mises stress under the analysis conditions 
3.2. The indenter holder 
During the indentation test, the indenter should penetrate into and withdraw from the 
surface of the specimen vertically, which should be guaranteed during the design. So, 
design of the indenter holder is important and an ingenious structure should be 
developed. In this paper, a novel indenter holder is proposed as shown in Fig. 6. Fig. 6 (a) 
is the assembly drawing of the indenter unit. Fig. 6 (b) is a local view of the indenter 
holder which was fabricated by wire-cutting. In the center of the indenter holder, a long 
and thin groove is designed. A hole located at the upper of the groove is used for 
installation of the indenter. The axis of the hole is parallel to the installation surface. The 
indenter uses the hole and the positioning surface to realize precision positioning and 
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then it is clamped by the lock nut. The positioning holes are designed to guarantee the 
position of the indenter holder and the installation holes are used to realize connection 
with the base.  
 
Figure 5. Stress distribution of the flexure hinge from point A to point B 
 
 
Figure 6. The designed indenter holder. (a) The assembly drawing of the indenter unit; (b) A local view 
of the indenter holder 
4. Performance evaluation of the indentation device 
The prototype of the developed in situ indentation device with dimensions of 103 mm × 74 
mm × 60 mm was fabricated and assembled as shown in Fig. 7. Output performances of the 
device were tested.  
4.1. Output performances of the z axis coarse positioner 
The z axis coarse positioner is mainly used to realize coarse adjustment of the specimen and 
solve the problem that output displacement of the piezoelectric actuator is very limited. So, 
larger range with certain accuracy is required for the z axis coarse positioner. Output 
performances of the z axis coarse positioner were tested with the established test system as 
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shown in Fig. 8. The stepper motor drives the stage to output displacement which is 
measured by the laser displacement sensor with the resolution of 10 nm. The measured 
signal is collected and sent to the computer for further processing. Define the parameter n as 
pulses per step and it can be given different value for the stepper motor. Fig. 9 is the output 
displacement curves when n=2048, 100 and 10 respectively. Obvious difference is observed. 
When n=2048, large and continuous output displacement about 239 μm/step is obtained, 
which can be used for coarse adjustment of the specimen when it is far away from the 
indenter. When n=100 and 10, small output displacement per step, about 10 μm/step for 
n=100 and 0.333 μm/step for n=10, is obtained. The case that n is given a small value can be 
used when the specimen is near the indenter. Analyzing the experimental results, we can 
get another difference. That is, for different n, the average output displacement per pulse is 
different. Maybe this is caused by the crawl phenomenon between the guide rail and the 
slider of the z axis coarse positioner. This difference has no effect on the indentation process 
because the z axis coarse positioner is only used for coarse adjustment rather than precision 
loading and unloading. 
 
Figure 7. The prototype of the developed in situ indentation device 
 
Figure 8. The established system for output performance tests of the z axis coarse positioner 
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4.2. Output performances of the precision driven unit with open-loop control 
Output performances of the precision driven unit with open-loop control were tested. Use 
the power to supply voltage signal to the piezoelectric actuator manually and the output 
displacement is measured by the embedded displacement sensor. The experimental results 
are shown in Fig. 10 and Fig. 11. Fig. 10 indicates that the manual displacement resolution is 
about 20 nm. Fig. 11 gives the maximum output displacement of the precision driven unit 
about 11.44 μm when the maximum applied voltage is 100 V. With open-loop control, the 
precision driven unit has certain accuracy. But nonlinearity mainly caused by hysteresis of 
the piezoelectric actuator is also existed as shown in Fig. 11, which will affect the 
indentation process. So, measures should be taken to ensure linear output of the precision 
driven unit. 
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Figure 9. Output displacement curves of the z axis coarse positioner with different n. (a) n=2048;  
(b) n=100; (c) n=10 
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Figure 10. Resolution plot of the precision driven unit with manual operation 
 
Figure 11. The output displacement curve of the precision driven unit with the maximum applied 
voltage of 100 V 
4.3. Closed-loop control of the indentation process 
In order to solve the problem of nonlinearity and ensure the testing stability, closed-loop 
control of the indentation process is established. Fig. 12 is the control schematic. Two control 
modes are developed, the displacement control mode and the load control mode. Here takes 
the displacement control mode as an example. Control parameters such as the maximum 
output displacement and the loading time, are set by the software. Control orders are sent to 
the power via parallel communication. The power applies voltage signal to the piezoelectric 
actuator and then the actuator outputs precise displacement which is measured by the 
embedded displacement sensor. The measured displacement signal is collected by the A/D 
card and sent to the PC. Comparing the measured value with the setting value, error value 
is obtained and then sent to the power. Repeat the process above until the measured value is 
equal to the setting value.  
Under ambient temperature and general testing circumstance without constant temperature 
control and vibration isolation, three different maximum displacements and three different 
loads are selected to verify the feasibility of closed-loop control. Typical displacement 
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control results and load control results are shown in Fig. 13 and Fig. 14 respectively. Via 
closed-loop control, output is continues and linear. Obviously, when the output 
displacement and load are small, fluctuations appear. In order to quantify fluctuations, a 
constant output displacement of 2 μm and a constant load of 20 mN were kept for 100 
second respectively under the above testing circumstance. The fluctuation curves are shown 
in Fig. 15. Amplitude of the displacement fluctuation is less than 20 nm and amplitude of 
the load fluctuation is about 140 μN without constant temperature control and vibration 
isolation. Compared with open-loop control, closed-loop control can ensure good linearity 
output. Also, abundant loading and unloading modes can be developed via closed-loop 
control. 
 
 
Figure 12. Closed-loop control schematic of the indentation process 
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Figure 13.  Typical displacement control results 
4.4. Repeatability of the developed device 
Comparing the load-displacement curves for different maximum loads is a good method to 
evaluate the repeatability of the indentation instrument. Fig. 16 shows curves between the 
load and the measured displacement resulting from 10 ex-situ indentation tests on fused 
quartz under ambient temperature and general testing circumstance without constant 
temperature control and vibration isolation. The loading curves agree well with each other 
and the unloading curves distinguish with each other because of different maximum 
indentation loads. The results indicate that the developed device has good repeatability, 
which is the premise for further calibration.  
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Figure 14. Typical load control results 
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Figure 15. Output results for a constant output displacement of 2 μm (a)  
and a constant load of 20 mN (b)  
4.5. Thermal drift 
Two kinds of drift behaviors, creep within the specimen as a result of plastic flow and 
thermal drift due to thermal expansion or contraction of the apparatus are observed in 
indentation tests. Creep is time-dependent deformation under the constant load or stress 
and it is related with viscoelastic or viscoplastic deformation of materials. Thermal drift 
comes from the instrument itself and the circumstance, and it will cause the measured 
displacement ht larger or smaller than the actual indentation depth h. So measures should be 
taken to correct the thermal drift. Assuming that the thermal drift for an indentation test is 
constant, the developed device allows for a hold series of data points to be accumulated at 
the end of the unloading from the maximum load. During the hold period at the end of the 
unloading, creep is less likely to occur because the load is very low. Then fitting the load 
and measured displacement, the thermal drift rate will be obtained. As shown in Fig. 17, 
thermal drift rate for the indentation test of fused quartz is about -0.5 nm/s. The corrected 
and uncorrected curves are shown in Fig. 18. 
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Figure 16. Curves between the load and the measured displacement resulting from 10 ex-situ 
indentation tests on fused quartz 
4.6. Determination of instrument compliance Cm 
Instrument compliance Cm is the most important factor that affects the load-depth curve, 
which also makes the measured displacement ht larger than the actual indentation depth h. 
Especially, when the instruments are miniaturization, this effect will be even more obvious, 
making calibration of instrument compliance more difficult. Commercial ex-situ indentation 
instruments exhibit Cm in the range of 0.1 nm/mN to 1 nm/mN. But in situ indentation 
devices developed by previous researchers obviously have larger compliance because of 
their miniaturization structures. Instrument compliance of Rabe’s device is about 5 nm/mN 
while instrument compliance of the PicoIndenter is not determined in literature 
(Rzepiejewska-Malyska et al., 2008; Ghisleni et al., 2009). Although in situ indentation pays 
more attention to visually and dynamically observe the deformation and damage process of 
materials (Rzepiejewska-Malyska et al., 2008) and properties of materials can be obtained by 
the ex-situ indentation tests, accurate and quantitative load-depth curves are also required 
which are helpful to make the connection between the surface deformation and the applied 
indentation load. 
Considering instrument compliance Cm, relationship between the actual indentation depth h 
and the measured displacement ht can be given as (Oliver & Pharr, 1992) 
 h = ht -CmP (1) 
where P is the indentation load.  
There are a few methods proposed by previous researchers to calibrate instrument 
compliance (Doerner & Nix, 1986; Van Vliet et al., 2004; Nurot & Sun, 2005), and the most 
representative method is the iterative procedure developed by Oliver and Pharr (Oliver & 
Pharr, 2004) based on the assumption that Young’s modulus of the sample does not vary 
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with indentation depth, but their method is mathematically and time intensive (Costa et al., 
2004). Here, like the literature (Huang et al., 2011), a reference material Indium-Tin Oxide 
(ITO) and a commercial indentation instrument-CSM’s Nanoindentation Tester are used to 
calibrate instrument compliance of the developed device.  
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Figure 17. Relationship between the measured displacement ht and time for a constant load 
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Figure 18. Comparison of the uncorrected curve and the corrected curve considering of the thermal 
drift 
Indentation tests of ITO with maximum indentation loads of 30 mN, 50 mN, 100 mN, 150 mN, 
250 mN and 500 mN were carried out with the Berkovich indenter using the CSM’s 
Nanoindentation Tester and the experimental curves are used as standard load-depth curves. 
Then, with the same experimental conditions, indentation tests were carried out using the 
developed in situ SEM indentation device. By comparing curves obtained from the 
commercial device and the designed device, six values of instrument compliance can be 
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obtained respectively, and the average value of 4.5 nm/mN is obtained as instrument 
compliance Cm, which is also larger than values of commercial ex-situ indentation instruments. 
By equation (1), the corrected curve with the maximum indentation load of 500 mN can be 
obtained as shown in Fig. 19. The slope of the corrected curve is obviously larger than that of 
the raw curve while the unloading point remains the same because the load is zero. In order to 
verify the feasibility of the calibration result, the corrected curve and the curve obtained from 
the commercial device are drawn in the same figure shown in Fig. 20, from which we can see 
that these two curves coincide with each other well. According to the Oliver and Pharr method 
(Oliver & Pharr, 1992), the contact depth between the indenter and the sample is about 1.709 
μm and hardness of ITO is about 6.97 GPa. Indentation tests of single crystal copper and bulk 
metallic glass in the following section will verify generality of instrument compliance.  
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Figure 19. The corrected curve and the raw curve 
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Figure 20. Comparison between curves from the commercial device and the designed device 
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4.7. Parameter comparison with the existing product or device 
Up to now, work related with in situ indentation is concentrated on Rabe’s device (Rabe et 
al., 2004), the PI 85 SEM PicoIndenter (Hysitron Incorporated) and the self-made device 
(Huang et al., 2012). Here, main parameters of these three devices are summarized in Table 
1. Comparing these parameters, the self-made in situ indentation device has the advantage 
in high price-performance ratio. 
 
 
Self-made device 
Rabe’s 
device 
PI 85 SEM PicoIndenter 
Maximum load 2.5 N 500 mN 10 mN 
Maximum displacement 15 μm 20 μm 5 μm 
Load noise floor 140 μN Unknown 400 nN 
Displacement noise floor 20 nm Unknown 1 nm 
Load resolution 50 μN 100 μN 3 nN 
Displacement resolution 5 nm 50 nm 0.02 nm 
Compliance  4.5 nm/mN 5 nm/mN Unknown 
x positioning range 12 μm (Addible) 10 mm 5 mm 
x positioning resolution 10 nm 150 nm 50 nm 
y positioning range 12 μm (Addible) 20 μm 5 mm 
y positioning resolution 10 nm 7 nm 50 nm 
Price (include tax) $100, 000.00 $100, 000.00 $ 250, 000.00 
Table 1. Summarized parameters of three kinds of main in situ indentation devices 
5. Indentation tests 
5.1. Ex-situ indentation tests 
The developed indentation device has the miniaturized structure but still it has the function 
to carry out ex-situ indentation tests. Fig. 21 is the load-depth curve of single crystal copper 
via the ex-situ indentation test under ambient temperature and general testing circumstance 
without constant temperature control and vibration isolation. Fig. 22 is the fitting curve of 
the unloading portion.   
According to the literature (Oliver & Pharr, 1992), the unloading curves are distinctly curved 
and usually well approximated by the power law relation:  
 f( )
mP h hα= −  (2) 
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where α and m are power law fitting constants, and hf is the depth of the residual 
impression. By fitting portion of the unloading data with the least squares fitting procedure, 
the constants α and m can be obtained. The fitting results are given in Fig. 22 and the fitting 
equation is expressed as 
 
1.2450804.709( 0.757)P h= −  (3) 
According to the Oliver and Pharr method (Oliver & Pharr, 1992), hardness of single crystal 
copper is 0.95 GPa and the Young's modulus is 107.42 GPa.  
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Figure 21. The load-depth curve of single crystal copper 
5.2. In situ indentation test inside the SEM 
Due to unique mechanical properties such as high strength, modulus, hardness and elastic 
limit (Inoue et al., 2004; Scully et al., 2007), bulk metallic glasses (BMGs) are considered as 
emerging structural materials since their discovery in 1960 (Klement et al., 1960). Mechanical 
properties and deformation mechanism of BMGs are given more and more attention in 
recent years. Because of its high spatial and temporal resolution, indentation remains an 
important tool to study mechanical properties of BMGs (Schuh, 2006). Unique phenomena 
such as the serrated flow and shear band formation underneath indenters have been 
reported during the ex-situ indentation tests (Wang et al., 2000; Schuh & Nieh, 2003; Li et al., 
2009). However, most of previous researchers can only study shear band formation of BMGs 
after the indentation tests, limiting further research on the deformation mechanism. Here, in 
situ indentation of a Zr-based bulk metallic glass using the Berkovich indenter was carried 
out via the developed device. 
 
Design, Analysis and Experiments of a Novel in situ SEM Indentation Device 303 
The device was installed on the stage of the SEM—Quanta 250. The experimental results are 
shown in Fig. 23. The load-depth curve is shown in Fig. 23 (a). Fig. 23 (b) is the status that 
there is a distance between the indenter and the specimen. Fig. 23 (c) is the status that the 
indenter is penetrating into the specimen. Fig. 23 (d) is the indentation morphology. From 
Fig. 23 (c) and (d), pile-up and shear bands are observed obviously. This is only an example 
of in situ indentation tests inside the SEM. Via in situ observation of a whole indentation 
process, more direct inspection of deformation and damage of materials can be realized, 
bringing the possibility of further studying and revealing deformation and damage 
mechanism of materials. 
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Figure 22. The fitting results of portion of the unloading data 
Of course, in situ indentation techniques can be used for other research. Taking 
advantage of high positioning accuracy, it can be used to study effect of initial contact 
and surface roughness on experimental results. Using a special indenter such as the flat-
ended indenter, in situ uniaxial compression of micro- and nano- structures for example 
carbon nanotubes and micropillars can be carried out (Buzzi et al., 2009; Niederberger et 
al., 2010). Also, using a suitable clamping way, in situ tensile tests are feasible (Lucca et 
al., 2010). Adding heating or precise electrical measuring equipments, the device can be 
used to study multi-physical field coupled performance of materials (Schuh et al., 2005; 
Nowak et al., 2009) which will be an exciting and significant work. So, the in situ 
indentation test inside the SEM is a promising method to study mechanics of materials  
in depth. 
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Figure 23. Experimental results of the in situ indentation test of a Zr-based bulk metallic glass. Fig. 23 
(a) is the load-depth curve. Fig. 23 (b) is the status that there is a distance between the indenter and the 
specimen. Fig. 23 (c) is the status that the indenter is penetrating into the specimen. Fig. 23 (d) is the 
indentation morphology 
6. Conclusions 
In this chapter, a novel and miniaturization in situ indentation device was presented. 
Integrating the stepper motor, the piezoelectric actuator and the flexure hinge, the coarse 
positioner and the precision driven unit were designed respectively, which can be used 
to realize coarse adjustment of the specimen and precision loading and unloading 
process of the indenter. A novel indenter holder was designed to ensure vertical 
penetration of the indenter. Closed-loop control of the indentation process was 
established to solve the problem of nonlinearity of the piezoelectric actuator and to 
enrich the control modes.  
Performances of the developed device were evaluated, and ex-indentation and in situ 
indentation tests of materials were carried out to verify the feasibility of the device. The 
device has the indentation load range of about 2.5 N with the load resolution of 50 μN 
and indentation depth range of about 15 μm with the displacement resolution of 5 nm. 
Compliance of the device was calibrated and it is about 4.5 nm/mN. Also thermal drift 
was corrected. Experimental results indicate that the developed device has good 
repeatability and it can be used as an ex-situ indentation device to characterize 
properties of materials. What’s more, it can be installed on the stage of the SEM to realize 
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in situ indentation tests of materials, which is a promising method to study deformation 
and damage mechanism of materials in depth. Compared with other two in situ 
indentation device or product, the developed in situ indentation device has the 
advantage in high price-performance ratio. By in situ indentation tests and other 
extended applications, it is hoped that the developed device will be a significant tool for 
advanced materials research. 
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